To examine the cell type-specific expression of Nkcc1 ear low-noise amplifier of the primary cationic CNG curin the OE, we dissected the olfactory turbinates from mice engineered to be deficient in Nkcc1 by knockin of the reporter gene lac-Z to exon 9 of Nkcc1 (Delpire et
Introduction whether NKCC underlies the depolarizing Cl − current in ORNs. Indeed, we have identified the presence of the Olfactory receptor neurons (ORNs) are bipolar cells in NKCC1 isoform in these cells and found that it is crucial the olfactory epithelium of the nasal cavity. Each ORN for the existence of the inward chloride current in the sends a single dendrite to the epithelial border where it olfactory response. Surprisingly, however, NKCC1 is terminates in a swelling called the dendritic knob. Appresent only on the dendrite and soma of ORNs, but proximately 20 cilia, the site of olfactory transduction, not the cilia. protrude from the knob into the nasal mucus. Odorants dissolved in the mucus bind to receptor proteins in the Results ciliary membrane and activate a G protein that in turn stimulates an adenylyl cyclase (for review, see Gold,
Nkcc1 Expression 1999; Schild and Restrepo, 1998). The ensuing increase
We first checked the expression patterns of Nkcc1 and in cAMP concentration opens a cyclic nucleotide-gated
Nkcc2 in the olfactory epithelium (OE) by RT-PCR (Fig-(CNG) channel that conducts mainly Ca
2+ and little Na + ure 1A). We found expression of Nkcc1, but not Nkcc2, (Dzeja et al., 1999) . The rise in ciliary Ca 2+ concentrain this tissue. As controls, we found that the kidney extion due to Ca 2+ influx through the CNG channel (Kurapressed both Nkcc1 and Nkcc2, and the brain, only hashi and Shibuya, 1990; Leinders-Zufall et al., 1997)
Nkcc1 . As another control, we used activates a Ca 2+ -gated Cl − channel, also on the cilia primers directed against the CNG B-subunit gene, (Kleene, 1993 (Figures 2A and 2D ). In contrast, immunolabeling of NKCC1 was found not in the cilia of Nkcc1 +/− mice, but more proximally ( Figure  2B ). In the merged image of the two staining patterns (which includes nuclear DAPI staining), NKCC1 appears localized to the proximal dendrite and soma, but not the dendritic knob or cilia that are in contact with the nasal mucus ( Figure 2C ). In addition, there is a strong signal for NKCC1 in a subset of cells that may be a subclass of sustentacular cells, microvillar cells, or possibly duct cells (Zhuo et al., 2001 ). The lack of signal for Nkcc1 expression in tissue from Nkcc1 −/− mice (Figure 2E) demonstrates the specificity of the antibody. The normal appearance of CNGA2 immunostaining ( Figure 2D) ORNs generated a large receptor current ( Figure 3A , black trace). Addition of the Cl − channel blocker niflumic acid during the odorant pulse reduced the real., 1999). Using X-gal staining, we found β-galactosiceptor current substantially (red trace). Niflumic acid dase (β−GAL) activity in the sensory epithelium across alone did not elicit a response (green trace). The cyan the entire medial face of the endoturbinates ( Figure 1B , trace, which was recorded at the end of the experiment, top). The respiratory epithelium appeared to be devoid demonstrates the reversibility of the blocker and the of Nkcc1 promoter activity. 18 m cryostat sections of stability of the cells chosen for analysis. Any neuron the whole-mount staining pattern confirmed Nkcc1 proresponsive to heptanal was included for analysis, and moter activity in ORNs, but not in the sustentacular all showed a reduction in current when niflumic acid cells of the sensory epithelium ( Figure 1B, bottom) . In was applied (irrespective of its peak current amplitude, coronal sections, we did not see any gross differences ranging from −10 pA to −135 pA (Kaplan et al., 1996) . As control, a mouse monoclonal was no longer affected by niflumic acid ( Figure 3B ). antibody against the olfactory CNG channel subunit Similarly, with Nkcc1 −/− ORNs, the receptor current was CNGA2 was used, and, in agreement with previous initially small and remained unaffected by niflumic acid work (Meyer et al., 2000) , CNGA2 was localized to the ( Figure 3C ). From collected results, the average current decreased approximately 7-fold when NKCC1 function cilia-containing layer of the olfactory epithelium in both lution, a current trace corresponding to a repeat of the solution X-gal staining of sections and whole mounts was as described change to low-Cl − solution but without odorant was subtracted. previously (Mombaerts et al., 1996) . The 5030 Nkcc1 antibody was Patch pipettes were made from borosilicate glass and fire-polgenerated against the C-terminal 21 amino acid residues (KADL ished to yield an open pipette resistance of 6-8 M⍀. Inside-out PPVLLVRGNHQSVLTFYS) of mouse NKCC1 (GenBank U13174). patches were excised from the dendritic knob of ORNs, and reThe peptide was conjugated via its N-terminal lysine residue to cordings were sampled at 500 Hz and low-pass filtered at 100 Hz. thyroglobulin and used for immunization of rabbits (Covance, Denver, PA). Rabbit antisera were affinity-purified on a peptide-BSA column. Specificity of the NKCC1 antibodies was confirmed by 
